Tongue-flicking is an important sensory behavior unique to squamate reptiles in which chemical stimuli gathered by the tongue are delivered the vomeronasal organ situated in the roof of the mouth. Because tongue-flick numbers can easily be quantified, this behavior has been widely used as a measure of vomeronasal sampling in snakes using related variables such as tongue-flick rate or tongue-flick/attack score. Surprisingly, the behavior itself and especially the function of the oscillatory tongue-flicks remains poorly understood. To describe the overall kinematics of tongue-flicking in the colubrid snake Nerodia fasciata and to test predictions on the function of oscillatory tongue-flicks, we filmed the tongue-flicks of 8 adult Nerodia fasciata using 4 synchronized high-speed cameras. Three-dimensional kinematic and performance variables were extracted from the videos in order to quantify tongue movements. Based on the kinematic analysis, we demonstrate the existence of 2 functional and behavioral tongue-flick categories. Tongue-flicks with oscillations meet all the criteria for being adapted to the collection of odorants; simple downward extensions appear better suited for the rapid pick up of nonvolatile chemical stimuli from the substrate or a food item. External stimuli such as tactile and/or vomeronasal stimulation can induce a shift between these categories.
Introduction
The Jacobson's or vomeronasal organs (VNOs, see Table 1 for a list of abbreviations) are paired chemosensory organs situated in the anterior roof of the mouth, near the base of the nasal cavity. Most tetrapods, with the exceptions of birds, crocodilians, aquatic mammals, and some primates have functional VNOs (Parsons 1967 (Parsons , 1970 . However, they reach their highest development in squamate reptiles (lizards and snakes) and especially in snakes (Burghardt 1993; Schwenk 1995) . The connections of the VNOs with the oral and nasal cavities vary among tetrapods (Bertmar 1981) . They can be connected to the mouth by means of the palatine duct (squamates) or with the nasal cavity by the nasal duct (monotremes and marsupials) or by a combined nasopalatine duct (carnivores, rodents, insectivores, some ungulates, and primates). These peripheral organs are the sensory substrate of vomeronasal olfaction, a sense similar to nasal olfaction but most sensitive to high-molecular weight compounds (Halpern 1976; Halpern and Martínez-Marcos 2003; Baxi et al. 2006) . Moreover, vomeronasal olfaction has a different neural substrate (Halpern 1976; Lanuza and Halpern 1998) and thus likely serves different behavioral roles (Cowles and Phelan 1958; Graves 1993; Stoddart 1980) . The behavioral mechanisms of chemical delivery to VNOs are as diverse as is the structure of the vomeronasal system among tetrapods (Wyatt 2003) . Chemical stimuli (Cooper and Burghardt 1990b ) are brought to the sensory epithelium of the VNOs during behaviors (Halpern and Kubie 1983) such as flehmen in felids and ungulates (Hart and Leedy 1987) , nuzzling in opposums (Poran et al. 1993) , and vascular pumping in rodents (Meredith et al. 1980) . In anuran amphibians, evidence suggests that a pumping mechanism may also be present (Nowack and Wöhrmann-Repenning 2009) . In squamate reptiles, chemical stimuli are gathered in the environment by the tongue and are delivered to the VNOs during the "tongue-flicking" (TF) behavior (Halpern and Kubie 1980; Toubeau et al. 1994) . Consequently, this TF behavior has been widely used as an indicator of vomeronasal sampling and is quantified using related variables such as the number of tongue-flicks emitted per minute (tongue-flick rate, TFR) or a combined measure of TFR and latency to bite (tongue-flick/attack score, TFAS, see Cooper and Burghradt 1990a for a review).
Several studies have investigated the morphology of the snake's tongue (Gnanamuthu 1937; Langebartel 1968; McDowell 1972; Kier and Smith 1985; Smith and Mackay 1990) , the muscle activity during TF in snakes and relatives (Meredith and Burghardt 1978; Smith 1984 Smith , 1986 Herrel et al. 1998) , and behavioral aspects of TF ( Ulinski 1972; Gove 1979; Gove and Burghardt 1983; Goosse and Bels 1992) . Ulinski (1972) made the first detailed description of tongue movements in snakes based on his video recording of Boa constrictor and defined what is now known as a tongue-flick. Subsequently, Gove (1979) and Gove and Burghardt (1983) made a comparative analysis of TF in snakes and lizards and defined three types of tongue-flicks performed by snakes based on tongue movements: simple downward extensions (SDE), single oscillations (SO), and multiple oscillations (MO). However, the behavior itself, and especially the function of the oscillatory tongue-flicks, remains poorly understood.
It has been hypothesized that oscillatory tongue-flicks (SO and MO) increase the exposure of the tongue to odorants (i.e., volatile chemical stimuli; Gove 1979; Gove and Burghardt 1983) . Indeed, as the mechanism of chemical collection by the tongue is assumed to be diffusion, oscillations are believed to increase the velocity gradient of air layers surrounding the tongue and thus the rate of molecular diffusion into the seromucous fluid covering the surface of the tongue (Schwenk 1996) . If this is true, a higher velocity and spatio-temporal exposure of the tongue to the environment are expected during oscillatory tongue-flicks (SO and MO) . Moreover, oscillatory tongue-flicks are expected to be associated with the presence of volatile cues and SDE to be prevalent in the presence of nonvolatile cues. In addition, if the kinematics of oscillatory tongue-flicks are constrained by the physics of molecular diffusion, it is likely that kinematics of oscillatory tongue-flicks will be similar between different lineages of snakes. Unfortunately, only a few studies have addressed the functional morphology of tongue-flicking (but see Kier and Smith 1985; Chiel et al. 1992; de Groot et al. 2004) and only one provides detailed quantitative kinematic data (de Groot et al. 2004) , thus preventing any experimental test of these theoretical predictions.
In the present study, we used a colubrid snake to investigate the kinematics of TF as the "colubroid" tongue appears to be the most specialized functionally (Smith and Mackay 1990) . A thamnophine snake, Nerodia fasciata, was chosen because vomeronasal olfaction is known to be the dominant sensory mode in several essential behaviors such as partner courtship, foraging, and feeding in these snakes (Burghardt 1970; Halpern 1987; Mason 1992; Schwenk 1994; Halpern and Martinez-Marcos 2003) . Moreover, it plays a critical role in their predatory behavior as vomeronasal cues are needed to elicit prey attack (Burghardt and Pruitt 1975; Sheffield et al. 1968 ). As high TF rates are associated with feeding events, we used prey items to trigger TF sequences. This study was specifically designed to 1) describe the overall kinematics of TF in Nerodia fasciata, 2) test the a priori expectation that oscillatory tongue-flicks are kinematically divergent from SDE, 3) examine the occurrence of the different tongue-flick types (TFTs) in function of the types of sensory cues present, and 4) compare the kinematics of TF in a colubrid snake to data available for a boid snake.
Material and methods

Animals and husbandry
Eight Nerodia fasciata Linnaeus, 1766 (snout-vent length = 725 ± 99 mm; mean ± standard deviation [SD]) were obtained from a licensed dealer. All snakes were adults and were maintained in the laboratory for at least 2 months prior to the beginning of the experiments. The snakes were housed individually in plastic cages (40 cm × 30 cm × 10 cm) in a common holding room kept on a 12:12 h light/dark cycle. Room temperature ranged from 23 to 27 °C. Snakes were fed twice a week with dead whole European smelt (Osmerus eperlanus) dusted with vitamins (ReptiVite, Zoo Med, San Luis Obispo, CA, USA) and presented in Petri dishes (Fisher Scientific, Pittsburg, PA, USA). Water was available ad libitum. Prior to tests, snakes were deprived of food for 1 week. All experiments followed the animal care and use guidelines of the National Natural History Museum (Paris, France).
Experimental design
All the experiments described below were conducted between June 2008 and April 2009. Prior to the tests, snakes were fed in the testing chamber for 1 month to familiarize them with it. For each test, the testing area, a glass aquarium (40 cm × 35 cm × 17 cm), was placed on a table behind an opaque screen such that the observer was not in sight of the snake. The snake was allowed 15 min to acclimate before the beginning of the test. The number of tongue-flicks emitted during the last minute of this resting stage were counted and used as a baseline measure of TFR. The prey item, a dead whole European smelt (Osmerus eperlanus) between 4 and 6 cm in total length and 1 cm maximum in width, was prepared in a separate room and presented to the snake in the same manner as during their normal maintenance. At the beginning of each trial, the experimenter gently introduced a Petri dish with the prey in the aquarium. The snake could see the observer when the prey item was introduced in the aquarium but was familiar with this procedure. The tongue-flicks emitted subsequent to the introduction of the prey item were recorded at 75 frames per second using 4 synchronized high-speed video camera (Prosilica GE680, VGA CCD camera, Allied Vision Technologies, Stradtroda, Germany) mounted on tripods (in front, to the sides, and above the test arena). The recording was stopped when the snake started to eat the prey item. Then, the testing arena was washed with soap and water and dried before the next trial. During the study, all snakes were tested individually in a randomly selected order (Sokal and Rohlf 1997) twice a week at the time of their scheduled feeding session. Seven trial sessions were conducted over a 1-month period. Respectively, 4, 3, 5, 6, 5, 1, 2, and 4 sequences were obtained for the 8 individuals. Illumination during filming was provided by 2 cold light sources (Kino Flo Parabeam 400, 2000 Watt, Burbank, CA, USA). In addition, an experiment in which only volatile chemical stimuli were present was conducted in April 2009 on 5 of the 8 individuals. For this experiment, the experimental setup consisted of an opaque plastic chamber (except the top) with intake and outtake ports at the opposite ends. Air from an air pump (Dymax 5, Charles Austen Pumps Ltd, Surrey, Byfleet, UK) passed through two 100 mL flasks (Fischer Scientific, Atlanta, GA, USA), respectively, containing Drierite (W. A. Hammond Drierite Company, Xenia, OH, USA) and activated carbon (Fischer Scientific, Atlanta, GA, USA) before entering a diamond-shaped tube with a 100 mL flask containing the test extract (dead whole European smelt) on one side and an empty 100 mL flask on the other side. Two-way valves placed before and after the test extract flask allowed switching from control condition (empty flask) to fish extract condition without altering the airflow entering the test chamber. All components were connected to one another with polytetrafluoroethylene tubing (Fischer Scientific, Atlanta, GA, USA) except for the outtake port, which was connected to a 12-W fan by a ventilation hose equipped with a silencer to reduce noise and vibration. For each test, the snake was placed in the testing chamber and allowed to acclimate. The behavior and the tongue-flicks of the snake were monitored with a video camera (Prosilica EC1380, VGA CCD camera, Allied Vision Technologies, Stradtroda, Germany) placed on top of the testing arena and set on loop recording at 65 frames per second. During this period, air under low pressure passed through the empty flask (control condition). When the snake was observed to be resting and undisturbed for at least 1 min, the valves were open to allow the air to pass through the fish extract-containing flask before entering the test chamber (test condition). After 1 min of volatile chemical stimulation, the valves were closed and the recording stopped. Then, the testing arena was washed with soap and water and dried before the next trial. During the study, all 5 snakes were tested individually in a randomly selected order (Sokal and Rohlf 1997) . Respectively, 9, 8, 7, 8, and 5 sequences were obtained for the 5 individuals.
Data sets
For all of the 848 tongue-flicks recorded during 30 tongue-flick sequences in the first experiment, we measured the TFT, the total duration of the tongue-flick (TFD), the duration of the protrusion phase, the number of oscillations, the duration of the oscillation phase, and the duration of the retraction phase. We also noted whether the tongue touched the substrate or the prey. For analytical purposes, the recorded sequences were subsequently divided into an approach phase and a food-assessment phase. The approach phase was defined as starting with the introduction of the prey item. The food-assessment phase started with the prey-tongue contact and lasted until the snake had lunged onto the prey item. For each sequence, the following variables were calculated separately for the approach and food-assessment phase: the phase duration, the number of tongue-flicks, TFT, TFD, and the tongue-flick interval duration (TFID). The TFR was calculated by dividing the number of tongue-flicks by the phase duration. Moreover, in order to obtain a simple measure of the prevalence of TFTs in each phase, we computed rates for each TFT (SDER, SOR, and MOR) defined, respectively, as the number of SDE, SO, and MO emitted per minute. For the second experiment, the number of tongue-flicks, as well as the TFT (SDE/SO or MO as it was impossible to discriminate SO from SDE in dorsal view), were noted for 30 s before (control) and after (test) the odor delivery. Rates for SDE/SO and MO were also computed.
Kinematic analysis
Homologous externally visible landmarks which could be tracked on each of the 4 views were digitized using a custom Matlab routine (loco 3.3) on each frame of each view of a subset of 57 tongue-flicks (20 SDE, 20 SO and 17 MO, five individuals) from the first experiment. The landmarks digitized were the tips of the tongue, the point of bifurcation of the fork, the midtongue (defined as the end of the black part of the tongue), and the posteriormost visible point of the tongue (Figure 1 ). The multiple sets of 2-D coordinates (one per view) obtained were used to calculate the 3-D coordinates of digitized landmarks using a direct linear transformation routine (Hartley and Sturm 1997) . The images were scaled using a checkerboard of nine-by-nine 1 cm squares placed in the aquarium and visible in all views. From the 3-D coordinates of the 5 landmarks, we calculated 44 variables describing the kinematics and performance variables of the tongue. Displacement variables (lateral excursion, dorsoventral excursion, distance covered) and velocity variables (average, min, max, time to min, time to max) were computed from the positional data. Velocities were calculated by numerical differentiation of the raw displacement data. The posteriormost visible point of the tongue was static during flicks so displacement and velocity variables were not extracted for this point. In addition, the following variables were computed: the minimal, mean and maximal distance between the tongue tips, the volume of air sampled by the tongue, the tongue length, and the tongue curvature.The air volume sampled by the tongue was obtained by computing, in Matlab, the three-dimensional convex hull for all the points digitized throughout a tongueflick sequence. The tongue length was estimated by adding the distances between the posteriormost visible point of the tongue, the midtongue point, the point of bifurcation, and the point located halfway between the tongue tips. From the tongue length we calculated protrusion velocity variables (average, min., max., time to min., time to max.) by numerical differentiation of the raw data. The tongue curvature was estimated by calculating the unique circle that passes through each set of 3 contiguous points along the long axis of the tongue (de Groot et al. 2004 ).
Statistical analysis
Statistical analyses were performed using SPSS 15.0 for windows (SPSS, Chicago, IL, USA). For the first experiment, one-way Kruskall-Wallis analysis of variance on ranks followed by Dunn's multiple-comparison post-hoc test were performed to test for differences in median duration of the protrusion and retraction phases of the 3 tongue-flicks types. A Mann-Whitney U test was used to test for differences in median duration of the oscillation phase between the two categories of flicks with oscillations (SO and MO). Nonparametric analysis of variance was necessary because duration data could not be normalized (Sokal and Rohlf 1997) . A repeated measure ANOVA was used to test for differences in mean TFR between resting, approach, and food-assessment phases. Paired t-test (or Wilcoxon's signed-rank test when the data were not normally distributed) were used to test for differences in mean SDER, mean SOR, mean MOR, mean TFD, and mean TFID between approach and food-assessment phases. All kinematic data were log 10 -transformed prior to analysis to fulfill assumptions of normality and homoscedascity. After transformation, the variables were normally distributed and satisfied the criterion of equality of variance. A factor analysis with a varimax rotation was performed on the kinematic data set to visualize how flick categories are distributed in a multivariate kinematic space. Next, a 2-way multivariate analysis of variance (MANOVA) with individuals and TFTs as factors was run on the scores of the factor analysis. Univariate F-tests with Bonferroni post-hoc tests were run on each factor. Variables associated with the midtongue and the bifurcation points were not included in the analysis because these points were not present in all TFTs. Kinematic parameters of TF in N. fasciata were compared with published data in Python molurus using Student t-tests (or Mann-Whitney U tests when the data were not normally distributed). Paired t-test (or Wilcoxon's signed-rank test when the data were not normally distributed) were used to test for differences in mean TFR, mean (SDE/SO)R and mean MOR between control and test conditions in the second experiment.
Results
A tongue-flick is here defined following Ulinski (1972) and Gove (1979) as the movement of the tongue, from its appearance outside of the mouth until complete retraction. Three different stages can be defined in a tongue-flick. The
Figure 1
Illustration of the externally visible landmarks which were digitized: the right tip of the tongue, the left tip of the tongue, the point of bifurcation of the fork, the midtongue, and the posteriormost visible point of the tongue. protrusion stage starts when the tongue emerges from the mouth and ends when the tongue starts to oscillate. The oscillation stage starts with the first upward movement of the tongue and ends with the last downward movement of the tongue. One oscillation is the combination of an upward movement followed by a downward movement of the tongue and thus characterized by one minimum and one maximum. The retraction stage starts after the last downward movement of the tongue and ends when the tongue has fully disappeared in the mouth. According to the available data in the literature (Ulinski 1972; Gove 1979; Halpern and Kubie 1983; Goosse and Bels 1992; Bels et al. 1994) , 3 types of tongue-flick are performed by snakes (SDE, SO, and MO) (see Figure 2 ).
Simple downward extensions: The tongue is protruded downward from the mouth. The tines are often slightly upturned when the tongue is emerging from the mouth. The tongue is then retracted directly into the mouth. There are no oscillations. The tongue virtually always touches the substrate or a food item (Figure 2A ).
Single oscillations: The body of the tongue is protruded downward from the mouth with in most cases a slight dorsal deflection of the tines as is observed during the SDE. Once the tongue is protruded, the oscillation stage starts with an upward movement immediately followed by a downward movement, always in that order. Then the tongue is retracted in the mouth with the tongue tips curved downward. The tongue often touches the substrate or a food item at the end of the downward movement ( Figure 2B ).
Multiple oscillations: This type of tongue-flick is very similar to the SO flick but with more than one oscillation. The tongue lengthens a little with each oscillation. The tongue often touches the substrate or a food item at the end of the downward movements ( Figure 2C ). The number of oscillations in N. fasciata ranges from 2 to 12 with a mean ± SD of 3.71 ± 1.55.
Differences Between Tongue-Flick Types
Tongue-Flick duration
Mean ± SD tongue-flick duration was 133 ± 23 ms for SDE, 211 ± 30 ms for SO and 417 ± 137 ms for MO. The 3 tongue-flick categories differ by the duration of protrusion, oscillation, and retraction stages ( Figure 3 ). The mean protrusion duration was significantly different between the TFTs (Kruskal-Wallis H = 103.464, degrees of freedom (df) = 2, P = <0.001) and Dunn's pairwise multiple comparisons showed significant differences between mean protrusion duration of SDE versus SO and SDE versus MO (P < 0.05 in both comparisons). Mean protrusion duration of SO was not significantly different from that of MO (P > 0.05). The mean duration of the oscillation phase was significantly different between SO and MO (Mann-Whitney U = 13, P = <0.001). The mean retraction duration was significantly different between TFTs (Kruskall-Wallis H = 477.688, df = 2, P = <0.001). All pairwise multiple comparisons (SDE vs. SO, SDE vs. MO, and SO vs. MO) showed significant differences in mean retraction duration (P < 0.05).
Tongue-Flick kinematics
A summary of the kinematics of the tongue for the 3 tongueflick types is presented in Table 2 . To test for differences in kinematics of the 3 TFTs a factor analysis with a varimax rotation was performed on the kinematic data set. Six factors with eigenvalues greater than 1 and explaining 77.21% of the total variance were retained. The 2-way MANOVA run on the factor scores was significant for TFT (Wilk's λ = 0.031, F 12,70 = 27.384, P < 0.001) and individual (Wilk's λ = 0.056, F 24,123.31 = 6.604, P < 0.001). The interaction term was not significant (Wilk's λ = 0.205, F 48,176.277 = 1.397, P = 0.062), suggesting that differences in kinematics of tongue-flick types were similar across individuals. The first factor (32.48% of the variance) was primarily correlated with displacement and velocity variables: air volume covered by the tongue, dorsoventral excursion of the tips, lateral excursion of the tips, distance covered by the tips, velocity of the tips, protrusion velocity, and maximum tongue length (Table 3) . TFT (F 2,40 = 27.245, P < 0.001) and individual effects (F 4,40 = 4.597, P = 0.004) were significant on this axis (Figure 4) . The Bonferroni posthoc test showed significant differences between SDE and the 2 other types of tongue-flicks (P < 0.001). The second factor (16.67% of the variance) was correlated with variables describing the timing of events: the time to min protrusion velocity, the time to max protrusion velocity, and the time to max velocity of the tips (Table 3 ). TFT (F 2,40 = 25.140, P < 0.001) and individual effects (F 4,40 = 2.852, P = 0.036) were significant on the second factor ( Figure 4) . The Bonferroni post-hoc test demonstrated significant differences between MO and the two other TFTs (P < 0.001). The third factor (11.94% of the variance) was correlated with the distance between the tongue tips and showed a significant individual effect (F 4,40 = 10.13, P < 0.001) but no effect of TFT (F 2,40 = 0.410, P = 0.667). The fourth factor did not show variable loadings higher than 0.6 and discriminated neither individuals (F 4,40 = 0.878, P = 0.486) nor TFTs (F 2,40 = 1.835, P = 0.173). The fifth and sixth factors, respectively, correlated to the time to min velocity of the tips and the tongue curvature, showed significant differences between individuals (F 4,40 = 3.129, P = 0.025 and F 4,40 = 3.178, P = 0.023, respectively) but no significant difference between TFTs (F 2,40 = 0.654, P = 0.525 and F 2,40 = 0.764, P = 0.473, respectively). The interaction terms were nonsignificant for all 6 factors.
Prevalence of Tongue-Flick Types
The mean TFR ± SD was 33.77 ± 15.20 tongue-flicks per minute for the resting phase, 63.31 ± 18.86 tongue-flicks per minute for the approach phase, and 59.04 ± 16.57 tongueflicks per minute for the food-assessment phase. The repeated measure ANOVA was significant (F 2,29 = 23.677, P < 0.001).
Holm-Sidak's multiple comparisons showed significant differences in TFR between the resting phase and the approach phase (P < 0.001) and between the resting phase and the food-assessment phase (P < 0.001). The mean TFR of the approach phase was not significantly different from the mean TFR of the food-assessment phase (P = 0.350). However, the prevalence of the different TFTs was significantly different across phases. Both mean SDER and mean MOR were significantly different between the approach and the food-assessment phases (Wilcoxon Z = 3.243, P = 0.001 and Wilcoxon Z = −4.084, P = <0.001) with the mean MOR higher during approach than food assessment and conversely for the mean SDER ( Figure 5 ). The mean SOR was not significantly different between these two phases (Paired t-test, t = −0.246, df = 2, P = 0.807, Figure 5 ). In accordance, the mean TFD ± SD during the approach phase (350 ± 108 ms) was significantly longer (Wilcoxon Z = −3.772, P = <0.001) than during the food-assessment phase (196 ± 90 ms). The mean TFID ± SD was 760 ± 550 ms for the approach phase and 789 ± 466 ms for the food-assessment phase. The difference in mean TFID between the two phases was not significant (Wilcoxon Z = 1.125, P = 0.267). In summary, the differences between phases lie in the prevalence of TFTs and mean TFD rather than in the mean TFR or the mean TFID (Table 4 ). The prey-tongue contact, which was chosen as the boundary between phases, seems to be the trigger of this modulation of TF ( Figure 6 ). Next, we tested ifTFTs and tongue contact frequency (either on the substrate or on the prey) were related. A chi-square test showed that the proportion of tongue-flicks in which a tongue contact occurs was not similar across TFTs (chi-square = 26.127, df = 2, P = <0.001, Figure 7) . The pairwise comparison for proportion (Seaman and Hill 1996) showed that the difference between SDE and MO in proportion of tongue contacts is responsible of the rejection of the null hypothesis (i.e., equality of tongue contacts proportion across TFTs, P = <0.001). The other pairwise comparisons (SDE vs. SO and SO vs. MO) were nonsignificant. During the volatile chemical stimulation experiment, the mean TFR ± SD was 16.27 ± 20.16 for the control condition and 26.54 ± 22.63 during the test (fish extract) condition. The paired t-test was significant (t = −6.473, df = 36, P = <0.001). The prevalence of TFTs was also significantly different across phases with the mean MOR being significantly higher during the test condition than during the control condition (paired t-test, t = −5.981, df = 36, P = <0.001, Figure 8 ). The mean mixed SDE/SO rate was not significantly different across phases (Wilcoxon Z = 1.932, P = 0.065). 
Comparison with tongue-flick kinematics in P. molurus
The comparison of our data with previously published data on the kinematics of MO tongue-flicks in P. molurus (de Groot et al. 2004 ) is presented in Table 5 . The relative maximum tongue length (expressed as a percentage of snout-vent length) and the mean curvature of the tongue were found to be significantly different between N. fasciata and P. molurus. No significant differences were found in absolute maximum tongue length (expressed in meters), maximum protrusion velocity, maximum curvature of the tongue, minimum velocity of the bifurcation point, maximum velocity of the bifurcation point, and covered distance of the bifurcation point per second.
Discussion
Functional and behavioral subdivision of Tongue-Flick Types
Nerodia fasciata uses 3 TFTs in a feeding-related context (SDE, SO, and MO). These categories of tongue-flicks differ by the duration of their protrusion, oscillation, and retraction stages with longer durations associated with oscillatory tongue-flicks. In addition, our data demonstrate that the 3 tongue-flick categories are kinematically divergent ( Figure 4A ). The variables discriminating SDE from oscillatory tongue-flicks (SO and MO) were mainly related to displacement and velocity, whereas variables discriminating MO from SO and SDE were more related to the timing of events. Among the variables showing high loadings on the factor discriminating oscillatory from nonoscillatory tongue-flicks (i.e., the first factor) are lateral and dorsoventral excursions, the distance covered, the volume sampled, tongue length, as well as protrusion and flicking velocities. It is noteworthy to 
Figure 5
Occurrence of TFTs across phases. Illustrated are mean + SD rates of SDE (black bars), SO (dark gray bars), and MO (light gray bars) during the approach and food-assessment phases. Note that SDER and MOR are significantly different between phases with MOR being higher during approach phase than during food-assessment phase and SDER being higher during food-assessment phase than during approach phase.
mention that the covered air volume increases by almost an order of magnitude between tongue-flick categories. Taken together, these results show that the kinematics of oscillatory tongue-flicks are conform to our expectations and show higher velocity and a greater spatio-temporal exposure of the tongue to the environment. Oscillatory tongue-flicks thus appear to meet the kinematic criteria associated with collection of odorants. Moreover, the frequency of tongue contacts, which are necessary parts of the collection of ground borne (i.e., nonvolatile) chemical stimuli, is lower in MO tongue-flicks than in SDE tongue-flicks thus further corroborating this hypothesis. The prevalence of MO tongue-flicks during the approach phase (in presence of volatile stimuli only) and the prevalence of SDE tongue-flicks during the food-assessment phase (in presence of both volatile and nonvolatile stimuli) also support this hypothesis. In addition, the results of the volatile chemical stimulation experiment clearly show that 1) volatile chemical stimuli alone are capable of inducing/changing the TF behavior, 2) this induction/ change in the TF behavior is due to a specific increase of the prevalence of MO tongue-flicks (Figure 8 ). Finally, when comparing the proportions MO and SDE/SO in presence/absence of different sensory cues it appears that when only volatile chemical stimuli are present (fish extract condition), MO represents 94.1% of all tongueflicks, whereas it represents 62.7% of tongue-flicks when visual and volatile chemical stimuli are present (approach phase) and only 13.8% of tongue-flicks when visual, tactile, volatile, and nonvolatile chemical stimuli are present (food-assessment phase; Figure 9 ). This finding suggests that in absence of all cues but volatile chemical stimuli, snakes rely even more on MO which further corroborates our hypothesis that MO are adapted to the collection of volatile chemical stimuli. In summary, oscillatory tongueflicks and especially MO tongue-flicks display kinematic characteristics in accordance with the collection of odorants, are less often accompanied by tongue contacts, and are mainly used by N. fasciata in presence of odorants. At the other extent, SDEs are rapid extension of the tongue that sample a minute air volume, are almost always associated with tongue contact, and are mainly used in presence of nonvolatile chemical stimuli. Consequently, SDE 
Figure 6
Profile illustrating the mean (± SD) number of oscillation per tongue-flick for 5 sequences aligned at the prey-tongue contact. Note how the number of oscillation is affected by the prey-tongue contact (at t = 0). Tongue-flicks have been assigned to 1 of the 3 categories depending on the mean number of oscillations. Black, dark gray, and light gray, respectively, represent SDE, SO, and MO tongue-flicks. 
Figure 7
Proportion of tongue contacts among TFTs. The proportion of tongue-flicks in which a tongue contact occurs is not similar across TFTs. A pairwise comparison procedure showed a statistically significant difference in proportion of tongue contacts between SDE and MO.
Downloaded from https://academic.oup.com/chemse/article-abstract/37/9/883/327681 by guest on 19 March 2019 are more likely to be adapted to pick-up nonvolatile chemical stimuli than to collect odorants. SOs seem to be an intermediate category between these SDE and MO. Interestingly, SDE have been reported to occur mainly during trailing, prey investigation, and the investigation of sexual partners and are associated with tongue contacts (Gove 1979 (Gove , 1983 Halpern and Kubie 1983) . This is in accordance with the fact that the characterized molecules involved in these behaviors are large and thus nonvolatile molecules (Mason 1992; Leroy et al. 2006; Smargiassi et al. 2012 ). On the other hand, MO have been observed during exploratory behavior but also during trailing and feeding behaviors when the trail or the food was not close by (Burghardt 1969; Gove and Burghardt 1983) . Taken together with our results, these observations strongly corroborate the proposed functional subdivision of TFTs.
Kinematics of Tongue-Flick within snakes
All snakes perform MO tongue-flicks. However, the intrinsic musculature of the snake tongue shows distinct differences between boids and colubrids (Smith and Mackay 1990) . The tongue of boids resembles the condition present in scleroglossan lizards with the hyoglossal bundles surrounded by true Proportions of TFTs (SDE/SO vs. MO) among the different conditions encountered by the snakes, that is, food-assessment phase, approach phase, and fish extract condition. Note that in each of these conditions, a specific combination of sensory cues is available. In food-assessment phase, visual, tactile, volatile, and nonvolatile chemical stimuli are present. In the approach phase, visual and volatile chemical stimuli are present and only volatile chemical stimuli are present during for the fish extract condition. SDE/SO are represented in black bars and MO in light gray bars.
Downloaded from https://academic.oup.com/chemse/article-abstract/37/9/883/327681 by guest on 19 March 2019 circular muscles for most of the length of the tongue. The dorsal longitudinal muscle is arranged in small individual bundles and the transverse muscle shows a complex arrangement of fibers running obliquely and transversely. The tongue musculature in colubrids shows several derived features relative to this condition. Among these distinctive features are the large part of the hyoglossal bundles not surrounded by perpendicular muscles, the hypertrophied dorsal longitudinal muscle bundles in the anterior part of the tongue, and the abrupt transition zone between the anterior and posterior part of the tongue. From the observed difference in tongue musculature among snakes and theoretical considerations on the biomechanics of muscular hydrostats, previous authors (Smith and Kier 1989; Smith and Mackay 1990) predicted that functional differences are likely to exist between Boidae and Colubroids: 1) As the transition zone between the anterior (specialized for bending) and posterior (specialized for protrusion) part of the tongue is rather abrupt in colubrids, a high degree of curvature and a more precise bending point are predicted. 2) Given the arrangement of the perpendicular muscle bundles relative to the longitudinal muscles, a greater elongation of the tongue in colubrid snakes can be expected. 3) Finally, as the anterior portion of the tongue, which is considered to be functionally specialized for bending, appears more functionally specialized in colubrid snakes, differences in tongue oscillations can be expected. In addition to these differences, we hypothesized that kinematics of oscillatory tongue-flicks is driven by the physics of molecular diffusion and thus were predicted similarities in kinematic parameters which can be related to the collection of odorants (i.e., velocity and spatio-temporal exposure of the tongue).
The comparison of our kinematic data on TF in N. fasciata with data published on P. molurus by de Groot et al. (2004) show both differences and similarities ( Table 5 ).The mean curvature of the tongue was shown to be significantly higher in N. fasciata compared with P. molurus (t = 3.683, df = 18, P = 0.002), thus supporting the first hypothesis of Smith and Mackay (1990) . The maximum tongue protrusion recorded for P. molurus (de Groot et al. 2004 ) and N. fasciata represent, respectively, 0.9 ± 0.1 and 2.3 ± 0.2% of body size corroborating the hypothesis of increased tongue elongation capacities in colubrid snakes (t = 3.796, df = 18, P = 0.001). Interestingly, however, the maximum tongue length expressed in absolute units (m) was not significantly different (t = −0.731, df = 18, P = 0.474). In addition, no significant differences were found for the variables related to odorant collection (maximum protrusion velocity, minimum velocity, maximum velocity, or covered distance of the bifurcation point per second). These latter results show that oscillatory tongue-flicks have similar kinematics in boids and colubrids despite a wide range of morphological differences in intrinsic tongue musculature (Smith and Mackay 1990) . One possible explanation for this result could be that the kinematics of oscillatory tongue-flicks are evolutionarily constrained given their complexity and importance in airborne odorant collection. Except the aforementioned results (higher relative tongue elongation capacity and higher curvature), our data failed to demonstrate any other specialized aspects of TF in colubrids in comparison with boids. The peculiar organization of the anterior tongue musculature observed in colubrids could be related to unusual tongue-flick behaviors such as lingual luring in water snakes (Hansknecht 2008) , rigid tongue extension in vine snakes (Keiser 1975) , and slow motion tongue-flicks which have been observed in several colubrid genera (Mertens 1946; Mertens 1955; Pitman 1974) . Indeed, to our knowledge, such specialized "tongue-flicks' have never been reported in boid snakes.
Modulation of Tongue-Flick behavior
In snakes, predatory and foraging behaviors, including TF, are controlled by several internal and external factors, sometimes acting synergistically (Hansknecht and Burghardt 2010) . Among the potential external factors, chemosensory, visual, vibratory, and tactile stimuli may all have effects on TF (Schulterbrandt et al. 2008) . These sensory modalities can be thus responsible of the observed shift between the functional categories of tongue-flicks. However, because the shift occurs just after the prey-tongue contact, it is likely that the stimulus is either chemosensory or tactile. In snakes and lizards, chemical stimuli are detected by 3 sensory modalities: olfaction, vomeronasal olfaction, and gustation Schwenk 1995) . Olfaction is unlikely to be involved because lingually sampled molecules do not reach the olfactory organs (Halpern 1992) . Snakes only have few taste buds in the back of the oral cavity and thus greatly reduced gustatory capacities (Schwenk 1993) . Moreover, TF is causally linked to vomeronasal stimulation and is not associated with gustation (Schwenk 1993) . Consequently, vomeronasal olfaction or tactile stimulation of the tongue seems to be the more likely hypothesis. These vomerolfactive and tactile stimulation hypotheses implicate different underlying mechanisms of tongue-flick motor control. If the stimulus is tactile, it triggers the retraction of the tongue when the tongue touches an object or a prey. If the stimulus is vomeronasal, the sensory information gathered during one tongue-flick reaches the Jacobson's organs only after the retraction of the tongue. Thus, in this case vomeronasal stimuli pick-up during a tongue-flick cannot have an effect on the ongoing tongue-flick but may influence subsequent tongue-flicks. These 2 mechanisms are not mutually exclusive and may be used synergistically as it is the case with the control of lingual luring by chemical and visual cues (Hansknecht and Burghardt 2010) . Tactile stimuli may, for example, trigger the retraction of the tongue for vomeronasal sampling when encountering an object and the vomeronasal cues gathered then influence the subsequent tongue-flicks. Although our data do not allow separation of the effects of the 2 sensory modalities, substantial evidence can be found in the literature. Schulterbrandt et al. (2008) filmed snakes and compared the number of oscillations before and after the tongue touched the substrate during a trailing task and suggested that contact of the tongue with the substrate is a stimulus for tongue retraction. Neuro-anatomical tracing studies (Martínez-marcos et al. 2001; Martínez-marcos et al. 2002) identified a pathway that could be the neural substrate for chemosensory modulation of TF. Interestingly, this neural circuit is similar to that described in rodents for the putative control of vomeronasal pumping (Martínez-Marcos et al. 2002) .
In summary, our data demonstrate that oscillatory tongue-flicks and SDE constitute kinematical and behavioral divergent categories of tongue-flicks. The occurrence of these two tongue-flick categories in relation to the stimuli present, as well as their kinematics, strongly suggest that oscillatory tongue-flicks are adapted to the collection of odorants, whereas SDE are better suited for picking up nonvolatile chemical stimuli. External stimuli such as tactile and/or vomeronasal stimulation can induce a shift between these categories.
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